In order to define the phase boundary between the solid phase (ice) and the fluid phase (liquid and gas) of ordinary (light) water substance in pressure-temperature coordinates, correlation equations for the pressure along'the melting curve of the various modifications of ice as well as for the pressure along the sublimation curve are presented. The five equations for the melting pressure of the ice phases ice I, ice III, ice V, ice VI, and ice VII, which only contain one to three fitted coefficients, cover the pressure range from the , 'normal" triple point to 20000 MPa. In this entire range the equations represent the selected measurements of the melting pressure within their experimental uncertainty. The 2-coefficientequation for the sublimation pressure covers the temperature range from 190 K to the triple point (273.16 K). The equations correspond £0 the new International Temperature Scale of 1990-(ITS-90). All these equations form the basis of the revised release on the pressure along the melting and sublimation curves of ordinary water substance_ A verbatim copy of this release is presented in the Appendix of thi" papeT_
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Values for the triple points of the solid phases which coexist with the liquid. . . . . . . . . . . . . . . 519 2.
Selected data sets for the melting pressure Pm Reduced pressure (7T = pI Pn) 8
Reduced temperature (8 = TIT n ) Superscripts + Denotes the state of the solid phase on the melting-pressure curve and on the sublimation-pressure curve, respectively.
I
Denotes the state of the liquid phase on the vapor-pressure curve.
I!
Denotes the state of the gas phase on the vapor-pressure curve and on the sublimation-pressure curve, respectively. gen General; full bank of terms.
Subscripts calc Calculated expt Experimental
Index m
Denotes the melting pressure n Denotes a quantity used to normalize another quantity, e.g. '1i' == pdPn s Denotes the vapor pressure subl Denotes the sublimation pressure At a triple point
Introduction
The International Association for the Properties of Water and Steam (IAPWS) provides internationally accepted formulations for the properties of light and heavy steam, water and selected aqueous solutions for scientific and industrial applications. Besides publications on other properties there are the IAPWS approved equation of state, called IAPS-84, 1 covering the fluid range of ordinary water substance (H 2 0), and special correlation equations for the gas-liquid saturation properties of ordinary water substance. 2. 3 J. Phys. Chem. Ref. Data, Vol. 23, No.3, 1994 In this context, it is the purpose of this paper to define the locus of the phase boundary in pressure-temperature coordinates between the fluid phases of water (liquid and gas) and solid water (ice). Based on the available data sources correlation equations for the sublimation pressure as well as for the melting pressures of the various modifications of ice (ice 1, ice III, ice V, ice VI, and ice Vll) are presented. Figure 1 shows the phase-boundary curves of water in apT diagram. The curves for which correlation equations are given in this paper are drawn by bold lines. The equation for the vapor pressure Ps is described in the paper of Wagner et al. 2 (ITS-90) which is a revision of the article of Saul and Wagner (IPTS-68) with regard to the temperature scale.
Melting Curves
One of the anomalies 'of water substance is the variety of modifications of the solid. Experimental melting-pressure data exist for the species ice I, ice III, ice V to ice VII along the solid-liquid phase boundaries. There is no set of equations which allows the calculation of the melting pressure for the whole phase boundary covered by experimental data. There are only correlation equations developed by Pistorius et al. 4 and Mishima and End0 5 for the part of the melting curve where ice VII coexists with the liquid. Both authors use the Simon equation as well as a correlation equation in the fonn of a power series for the phase transition ice VII-liquid. The Simon equation
is \,;hara\,;terizeu by its simplidty; temperature can be ubtaineu directly for a given pressure and it is very suitable for extrapolation purposes. However, neither Pistorius et al. 4 nor Mishima and Endo s were able to correlate their own measurements within the experimental uncertainty by the Simon equation. To yield a satisfactory representation of the experimental data both authors fitted power series to their own data.
The triple-point temperatures and the corresponding pressures where two solid phases coexist with the liquid are given in Table 1 .
TIle melting curve is mainly described by the measurements of Bridgman 6 -8 obtained in the period 1912 to 1942. As the reference points for the calibration of pressure indicators were changed after Bridgman had taken his measurements, we corrected all press,ures in accordance with the advice given by Babb. 9 Moreover, all temperature values of the measurements were converted into the 1990 International Temperature Scale (ITS-90).JO· II Besides the Bridgman data, Table 2 lists the selected data sets for the melting curve of water. The recalculated data of Mishima and Endo'i for the melting pressure of ice VII were not used because they are considered to be inconsistent with the data of the other authors.
Based on the selected data we have developed equations for the melting pressure of the phase transitions ice I-L, ice III-L, ice V -L, ice VI-L, and ice VII-L (ice II and ice IV are modifications which do not coexist with the liquid). Each of the equations was produced from a general functional formulation called "bank of terms" by applying the optimization method developed by Setzmann and Wagner. IS The following two expressions formed the bank of terms for all correlation equations of the melting pressure: Table 2 . However, within the experimental uncertainty, the data of Holzapfel and Franck I 4 and of Pistorius et al. 4 show systematic deviations of about -4%. The reason for this behavior is based on the fact that, just for fitting the equation, we shifted these data by about +4% to hring them in agreement with the much more accurate data of Bridgman,7.8 and of Bendeliani and Vereschagin 13 for temperatures below 475 K. This "manipulation" was to stabilize the fitting process; of course, the comparison shown in Fig. 2 was carried out with the original, unshifted data. To yield thermodynamic. consistency at the triple points, with the exception of Eq. (2.8), each pf the melting-pressure equations was fixed at the lower triple point (that one which corresponds to the lower pressure, see Table 1 ) by the choice of the functional form of the equation and at the upper triple point by a constraint. However, since for the phase equilibrium ice VII-liquid only one triple point is known, Eq. (2.8) was only fixed at the triple point ice VI-ice VII-L.
At the "normal" triple point solid-liquid-gas (S-L-G, S = ice I) thermodynamic consistency with respect to the internationally recommended vapor-pressure equation 2 • 3 fps (T t ) = pm (Tr)] was achieved by calculating the reduced pressure 'iT of the melting-pressure equation (2.4) with the Ps value obtained from the vapor-pressure equation at the triple point, namely ps (Tt) = 611.657 Pa. Furthermore, the slope of the melting.; pressure equation fOr ice I at the S-L-G triple point was fitted to the value determined as follows: At the S-L-G triple point the volume difference between the saturated liquid and the melting solid, vl-v+ =-0.090 cm 3 /g, is known from the measurements of Bridgman. 6 If one uses the value 333.66 Jig calculated by J ancso et al. 16 for the enthalpy of melting namely, h'-h+ = 333.66 Jig, the slope of the melting curve ice I-L at the triple point S-L-G can be determined from the Clausius-Clapeyron equation as dpm/dT =-13.57 MPaiK.
As a result of these calculations the correlation equations for the melting pressure of the various ice phases together with the corresponding temperature and pressure ranges are given in Table 3 as Eqs. (2.4) to (2.8). Fig. 2 shows that the melting-pressure equations for ice I, ice III, ice IV, and ice V represent the experimental data within about ±3%, which corresponds to the estimated experimental uncertainty. Along the melting curve of ice VII the uncertainty of thc experimental data rises to ± 10%. Therefore, Eq. (2.8) was not improved by increasing the number of coefficients.
Sublimation Curves
Several correlation equations for the sublimation pressure are known. The two latest versions are the five-coefficient equation of J ancso et al. 16 and the six -coefficient equation of Wexler, 18 which are based on temperatures according to the IPTS-68. These two equations cover the temperature range between 173 K and 273 K.
There are only a few experimental studies of the sublimation pressure of water. Information about the two data sets of Jancso etal. 16 and of Douslin and Osborn 19 is summarized in Table 4 . The values of the experimental sublimation pressures given in the paper of Jancso et al. 16 had to be corrected because the capacitance manometer was calibrated by measuring the known pressure on the sublimation curve at 273.15 K which corresponded to a pressure at the triple point (273.16 K) of 611.283 Pa. Since, however, this value differs from the triple-point pressure which is internationally ac- In order to evaluate this equation at the ice I-L-G triple point, it can be written in the following form:
(3.1a)
. The values for the enthalpy of vaporization hll_hl = 2500.3 kJ/kg and for the difference between the volume of the saturated vapor and . liquid v 11-Vi = 206.030 m 3 /kg were obtained from the internationally recommended equations for the satu- especially at lower temperatures must have much larger experimental uncertainties than estimated by Jancso et al. 16 and by Douslin and Osborn1 9 , see Table 4 .
Thus, the new sublimation-pressure equation could not be developed by using the experimental sublimation pressures as the only input data. In order to extend the data base for the new sublimation-pressure equation, we calculated dpsubldT and d2Psubl/dT2 from Eq. (3.1) where the enthalpy of sublimation (h "-h+) and the specific volume v II of the gas on the desublimation line were detennined from correlation equations given by WexlerY Then, based on the bank of tenns similar to Eq. (2.3) and taking into account the experimental sublimation pressures with a low weight and the calculated derivatives dpsub/dT and d2Psubl/dT 2 with relatively high weights, the optimization procedure of Setzmann and Wagner 15 iteratively used in combination with a nonlinear leastsquares procedure yielded the following equation: with e = TITh 1' t = 273.16 K, Pt = 611.657 Pa, a] = -13.9281690, and a2 = 34.7078238. Eq. (3.5) is valid for the temperature range 190 K :s; T:S; 273. 16K. Fig. 4 shows that for temperatures above 245 K, Eq. (3.5) represents the experimental sublimation pressures within their scattering. The lower, absolute deviation diagram of Fig. 4 illustrates the systematic deviations between the experimenta] data and the values calculated from Eq. (3.5); these deviations are "necessary" to obtain the correct derivatives from Eq. (3.5). The very good agreement between Eq. All in all, Eq. (3.5) represents the sublimation pressure and the corresponding derivatives of the sublimation-pressure curve of water as well as Wexler's six-coefficient equation but this quality is achieved with only two fitted coefficients and Eq. (3.5) corrcsponds to ITS-90.
Estimates of Uncertainties and Computer-program Verification
The estimated uncertanties of the melting and sublimation pressures calculated from Eqs. (2.4) to (2.8) and (3.5) are listed in Table 5 . Based on the relatively high uncertainties of the experimental melting . pressures, the derivatives of Eqs. (2.4) to (2.8) could be subjected to larger errors.
To assist the user in computer-program verification, Table 6 lists values for the pressures calculated from each of the six equations at one temperature within the range of validity. aIf the number of selected data does not correspond to the total number of data, the latter is given in brackets. 'These values do not characterize the end of the melting curve for ice VII but correspond to the highest temperature and pressure for which measurements exist. 
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with Tn = 355 K and Pn = 2216 MPa.
Note: The upper temperature of the range of Eq. (5) corresponds. to the highest temperature for which measurements exist and not the end of the melting curve of icc VII.
Eqs.
(1) to (5) are constrained to fit the experimental values Tt and Pt of the relevant triple pointe; given in Table 1 . 4 Range of validity of the equations IAPWS endorses the validity of the equations presented in this release for each of the saturation lines. Eqs. (1) to (4) are valid for the entire range of the solid-liquid equilibrium. Eqs. (5) to (6) only cover the ranges of the solid-liquid or solid-vapor equilibrium, respectively, as indicated.
Estimates of uncertainty
The estimated uncertainties of the melting and sublimation pressures calculated from Eqs. (1) to (6) are listed in Table 2. Based on the relatively high uncertainties of the experimental melting pressures, the derivatives of Eqs. (1) to (5) could be subjected to larger errors. (2) ice III -liquid 
Computer-program verification
To assist the user in computer-program verification, Table 3 lists values for the pressures calculated from each of the six equations at one temperature within the range of validity. 
